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The form factor ofΛ0b baryons is estimated using 3.46×106 hadronicZ decays collected by the DELPHI experiment betwe
1992 and 1995. CharmedΛ+c baryons fully reconstructed in thepK−π+, pK0S , andΛπ+π+π− modes, are associated to
lepton with opposite charge in order to selectΛ0b → Λ+c l−ν̄l decays. From a combined likelihood and event rate fit to
distribution of the Isgur–Wise variablew, and using the Heavy Quark Effective Theory (HQET), the slope of theb-baryon form
factor is measured to be
ρ̂2 = 2.03± 0.46(stat)+0.72−1.00(syst).
The exclusive semileptonic branching fractionBr(Λ0
b
→Λ+c l−ν̄l ) can be derived from̂ρ2 and is found to be(5.0+1.1−0.8(stat)+1.6−1.2
(syst) %. Limits on other branching fractions are also obtained.
 2004 Published by Elsevier B.V.
1. Introduction
The knowledge of theB-meson form factor has recently improved thanks to a wealth of new experim
results, as reported, for instance, in Refs. [1–6]. Semileptonic decays ofB mesons intoD andD∗ final states can
be understood in the context of the Heavy Quark Effective Theory (HQET), where the four form factors rem
when the lepton mass is neglected can be expressed in terms of a single Isgur–Wise functionξM ,1 which will be
defined in Section 2.
In this Letter, the semileptonicb-baryon decayΛ0b →Λ+c l−ν̄l (with l− = e− orµ−) is investigated,2 where the
Λ+c is fully reconstructed from its decay modes intopK−π+, Λπ+π+π−, andpK0S . The heavy quark symmetr
relates form factors of the transitionΛ0b →Λ+c l−ν̄l to a new single Isgur–Wise functionξB , as explained in [7–9
and predicts its absolute value when the finalΛ+c is at rest in theΛb frame. After a summary of the heavy qua
formalism in Section 2, and a description of the relevant parts of the DELPHI detector in Section 3, the se
of the differentΛ+c -lepton channels candidates is described in Section 4. The dominant contribution to theΛ+c l−ν̄l
final state is expected to come from theΛ0b baryon, and the relevant contaminations fromB-mesons, from othe
b-baryons, or from other hadronic final states with additional pions are investigated in Sections 5 and 6. In S
a direct determination of the semileptonic branching fraction is presented, while the fit to the distribution
Isgur–Wise variablew is described in Section 8. The semileptonic branching fraction and thew distribution are
then combined into a single measurement of the slope parameterρ̂2 of the b-baryon form factor, assuming th
validity of HQET predictions.
2. The semileptonic decay form factor of b-baryons
A complete description of the form factor formalism in semileptonic decays and theoretical predictio
be found in [10–12]. The form factors are functions of the four-momentum transferq2 in the transition, with
q2 = (pl +pν̄l )2 wherepl andpν̄l are the charged lepton and neutrino four-momenta, respectively. Isgur and
1 The subscriptM has been added to indicate that this form factor applies to meson decay, while the subscriptB will be used for baryons.
2 The notationsΛ0
b
andΛ+c will implicitly stand for both the baryon and antibaryon, with the proper inversion of the signs of the lepto
of theΛ+c decay products.











glected,introduce the dimensionless variablew, scalar product of the four-velocities of theΛ0b andΛ
+
c :
(1)w= vΛb · vΛc =
m2Λb +m2Λc − q2
2mΛbmΛc
.
The hadronic current in the weak decay of a beauty baryon (JP = 1/2+) to a charmed baryon (JP = 1/2+), as
in the transitionΛ0b →Λ+c W−, involves six form factors, three vectorsFi and three axial-vectorsGi . In the decay
Λ0b →Λ+c l−ν̄l , the variablew ranges from 1 (highest transfer, finalΛ+c at rest) to a value close to 1.44 (smalle
transfer,q2 = m2l ). Among the six form factors which can contribute to the semileptonic decay ofJP = 1/2+
baryons, onlyF1 andG1 survive in the limit of infiniteb andc quark masses, the HQET limit. In addition, th
are equal and can be expressed in terms of a single functionξB(w).
The differential decay width of the transitionΛ0b →Λ+c l−ν̄l can be obtained from [13] in the approximati












|Vcb|2m4Λbr2 with r =mΛc/mΛb,
and the kinematical factorK(w) is:
(4)K(w)= P [3w(1− 2rw+ r2) + 2r(w2 − 1)] with P =mΛc
√
w2 − 1.
The Isgur–Wise functionξB(w) will be studied in the present Letter.
In B-meson decays, another functionξM(w) describes the semileptonic transitionsB̄ → (D,D∗)l−ν̄l , and a






with ξM(1)= 1 in the HQET limit. The quadratic terms are constrained by dispersion relations [14–16]. T
into account(mlight/mc) corrections and perturbative QCD effects [10–12], the value ofξM(1) is modified in the
B-meson decay channel toξM(1)= 0.91± 0.04. Several experimental determinations of the mesonic form fa
ξM(w) have been performed in the channelB̄0d →D∗+l−ν̄l . Different fits are performed in [4] which quotes for
constrained quadratic fit:
(6)ρ̂2M = 1.22± 0.14(stat).
Another recent determination is given in [5], and earlier measurements ofρ̂2M were performed by [1–3].
Many different parametrisations have been proposed for the baryonic functionξB(w), as given in Refs. [13,17
18]. The simplest one is chosen which remains positive in the physicalw r nge:
(7)ξB(w)= ξB(1)exp
[−ρ̂2(w− 1)].
The linear and quadratic coefficients in the Taylor expansion of this functionξ(w) are (within errors) in the domai
allowed by the dispersion relation constraints evaluated in [14–16].
The flavour independence of QCD implies that, as in the usual isospin symmetry,ξB(1) = 1. It is shown in
Ref. [13] that the corrections inmlight/mQ to this result vanish at first order for baryons (as expected from
general result of [19]), and remain small at higher order, while this is not true for mesons. The relations b
the six baryonic form factors and the Isgur–Wise functionξ are, however, slightly modified by the smallmlight/mQ
corrections evaluated in [13]. The perturbative QCD corrections are smaller than for mesons and will be ne































ta.as explained in [20]. In Sections 7 and 8 of this Letter where the observed exclusive semileptonic branching
is used to inferρ̂2, the finite mass corrections, as given by [13], are included into the relation between the
Wise functionξB(w) and the semileptonic width (Eq. (2)). These corrections are evaluated with ab qu rk mass
mb = 4.844 GeV/c2, and a charmed quark massmc = 1.35 GeV/c2, the numerical values chosen in [13].
3. The DELPHI detector and the simulation
The DELPHI detector and its performance have been described in detail in [21,22]. In the barrel region,
cylindrical detectors, with thez coordinate axis oriented along the 1.2 T magnetic field (and the beam) dire
allows the tracking of charged particles. The silicon Vertex Detector (VD), with an intrinsic resolution of 7
in the plane transverse to the beam axis and 10–30 µm along thez axis, consists of three layers. The innerm
and outer layers were replaced by double-sided silicon microstrips for the 1994–1995 data taking peri
Inner Detector (ID) extends between radii of 12 cm and 28 cm and gives 24 spatial measurements. T
Projection Chamber (TPC) provides up to 16 points between 30 cm and 122 cm. The Outer Detector (O
radius of 197 cm to 206 cm, consists of 5 layers of drift cells. In the plane orthogonal to the beam direct
extrapolation accuracy at the primary vertex of hadronic charged particles is found to be
√
202 + 652/p2t µm [23],
wherept (in GeV/c) is the momentum of the particle transverse to the beam axis.
The identification of electrons relies on the electromagnetic calorimeter in the barrel region (high d
projection chamber HPC), with a relative energy resolution of 6.5% for electrons at a momentum of 45 GeV/c.
Within the HPC acceptance, electrons with a momentum above 3 GeV/c are identified with an efficiency of 77%
The probability that a pion be misidentified as an electron is below 1%. The muon identification relies ma
the muon chambers. The selection criteria used in this work ensure an efficiency of identification of 77
misidentification probability of 0.8%.
The identification of protons and kaons relies on the DELPHI algorithms which take into accou
information provided by the Ring Imaging Cherenkov (RICH), and thedE/dx in the Time Projection Chambe
(TPC). The liquid and gas radiator signals of the RICH are used when they were present, mostly in th
and 1995 data samples. A neural network program is used for the identification of charged particles
1994 data, while in the other data samples, a simple combination of the RICH and TPC measurem
considered. The proton and kaon tracks are required to be in the barrel region, with a polar angle to thz axis
fulfilling |cosθ |< 0.74. The efficiencies associated to proton and kaon identification have been obtained fr
simulation, and corrected for the small differences between the simulation and the data. A check of the e
estimate was performed on dedicated samples of real data, namely,Λ (for the proton) and reconstructedD∗± in the
Kππ channel (for the kaon): a good agreement was found with the simulation in the whole momentum ran
overall proton identification efficiencies are(24±4)% (1992 data),(21.5±4)% (1993 data), when the liquid RICH
was not operating, and(42±2)% in 1994 and 1995. The fraction of pions misidentified as protons is approxim
5% above 3 GeV/c for good operating conditions of the RICH.
Special samples of events for each potential source ofΛ+c -lepton final states were generated using the JET
7.3 Parton Shower program [24], with aΛ0b lifetime set to 1.6 ps. The generated events were followed thro
the detailed detector simulation DELSIM. The background events without a trueΛc were selected from th
general DELPHI simulated sample ofqq̄ events at theZ. The same sample was used to estimate the fake le
background. These events were then processed through the same analysis chain as the real data. A rew
the simulated events, which were generated with a constant valueξB(w)= 1 of the form factor, allows the observe
distributions to be predicted for all variables, and the slope parameterρ̂2 o be tuned in order to reproduce the da
A reweighting was also applied to match the measuredΛ0b lifetime of 1.23 ps [25].























acted from4. Event selection
4.1. The sample of hadronic events
HadronicZ decays collected between 1992 and 1995 were used. The centre-of-mass energy was requ
within 2 GeV of theZ mass. Charged particles were required to have a measured momentum between 0.1/c
and 50 GeV/c, a relative error on momentum less than 100%, a track length larger than 30 cm, and a dist
closest approach to the interaction point smaller than 5 cm radially, and smaller than 10 cm along the be
Neutral particles were required to have an energy between 1 GeV and 30 GeV, and a polar angle betwee
160 degrees. They were assigned a zero mass.
Hadronic events were then selected using the previous set of charged particles with a momentum
0.4 GeV/c. Five or more charged particles were required, carrying a total energy (assuming them to be
of more than 0.12
√
s. A total of 3.46 million events has been obtained. In the following sections, events w
selected from this sample which contain candidates for both aΛc nd a lepton.
4.2. Lepton selection andb-tagging
The lepton candidates had to satisfy the appropriate identification criteria, and a method relying on a
network was used for the electron identification. The charged leptons were required to have a momentu
than 3 GeV/c and a transverse momentumpt with respect to theΛ+c candidates (defined in Sections 4.3–
below) larger than 0.6 GeV/c. Additional criteria were then introduced to purify theΛ0b sample:
• The mass of theΛ+c -lepton system was required to be larger than 3 GeV/c2 (for electrons), or 3.2 GeV/c2 (for
muons). This selection reduces the potential contributions from semileptonicB-meson decays with baryons
the final state and from theΛ+c Xl−ν̄l final states ofΛ0b decays. The lower momentum selection for the elec
preserves the efficiency, given a lower resolution in this channel.
• The probability that all tracks in the event come from the primary vertex was required to be less tha
as described in [22]. The events were then considered asb-flavour candidates. This choice is the result o
compromise between the signal yield and the level of combinatorial background in theΛ+c mass window; it
gives ab-tagging efficiency of 80% with a purity of 54%.
• The sign of the lepton charge must be opposite to theΛ+c charge. It can be seen in Fig. 1 that there is
evidence for aΛ+c signal in the wrong charge mass distribution. The upper limit measured from the data
the wrong sign lepton rate is 7% (95% C.L.) of the right sign sample. Similar limits have been obtaine
a simulated sample ofbb̄ events: a fit to theΛ+c mass distribution ofΛ+c l− candidates, as in the actual da
analysis, gave 438Λ+c l− combinations. A sample of 13± 5 Λ+c candidates were associated to fake lepto
Their fraction is then(4.3± 1.5)% of the signal.3
All final states studied in the following must have a track satisfying the lepton selection requirements.
4.3. Λ+c → pK−π+ selection
Triplets of charged particles of total charge unity, each track with at least one hit in the microvertex detect
selected. The momenta were required to be larger than 3 GeV/c (proton candidate), 2 GeV/c (kaon candidate) o
1 GeV/c (pion candidate), and the total momentum to be larger than 8 GeV/c. The mass of theΛ+c candidate had to
3 This number has been corrected for the different rate of fake leptons in the simulation and in the real data, and it has been subtr
the amount of candidate events in the estimates of absolute rates.


















thisFig. 1. TheΛ+c mass distribution including the decay channelspK−π+, Λπ+π+π− andpK0S : Λ
+
c l
− combinations (white histogram)
Λ+c l+ combinations (hatched histogram). The curve is the sum of the fitted functions for each channel (see Section 4.6).
lie in the 2.1–2.49 GeV/c2 range. A secondary vertex was fitted with these three tracks, requiring aχ2 probability
larger than 0.001. The primary vertex was found iteratively using initially all the tracks of the event and foll
the procedure used in [26]. The lepton track was not a priori excluded from the general vertex fit to avoid a p
bias on the lepton side. The combinedΛ0b–Λ
+
c flight distance was then computed as the difference betwee
secondary and the primary vertex. It was signed with respect to the momentum direction of the triplet,
projection on the plane transverse to the beam axis had to be larger than+0.02 cm. The particles compatible wit
bothp andK identifications were kept, and no identification was applied to the pion candidate. The reconst
efficiency for this channel is 8%.
The invariant mass distribution is shown in Fig. 2(a). The curves in Fig. 2 are obtained by fits of Ga
distributions in the signal region, added to a linear background. TheΛc mass is measured in thepK−π+ channel,
and fixed to the same value in the other two. The resolutionσ f the Gaussian is left free in thepK−π+ channel,
and found to be 13.5± 1.8 MeV/c2. The number ofΛ+c → pK−π+ events is 80.4± 15.0. In the other channels
discussed in the following sections, the resolution was fixed, and derived from the previous one accordin
ratio of the simulated resolutions. After reconstruction in the simulation, the Gaussian resolutions are fou
12 MeV/c2 for thepK−π+ channel, 15 MeV/c2 for Λπ+π+π− and 16 MeV/c2 for pK0S .
4.4. Λ+c →Λπ+π+π− selection
TheΛ-hyperon candidates were selected by the DELPHI algorithm which uses the presence of a remo
vertex to tag theΛ→ pπ− candidates, as described in [22]. The hyperon andΛ+c momenta were required to b
larger than 2.5 GeV/c and 10 GeV/c, respectively. All three pions were required to have a momentum larger
0.4 GeV/c, and their tracks to have at least one associated hit in the microvertex detector. The charge of th
had to be+1 forΛ and−1 for Λ̄, and the three pions had to form a common vertex (theΛ+c decay vertex) with
a probability larger than 0.001. The projection of the flight distance of theΛ+c transverse to the beam had to
larger than+0.02 cm.
There is some evidence for aΛ+c signal in theΛπ+π+π− invariant mass distribution, as shown in Fig. 2(
with a fitted signal of 15.1 ± 5.7 Λ+c → Λπ+π+π− candidates. All candidate combinations are shown in








ds:Fig. 2.Λ+c mass spectrum in the (a)pK−π+ channel; (b)Λπ+π+π− channel; and (c)pK0S channel. The fitted functions are described
Section 4.3.
figure. Some events contain more than one accepted combination, and for two events, both of them are iΛ+c
mass range 2. 60<M(Λ+c ) < 2.310 GeV/c2.
4.5. Λ+c → pK0S selection
Once aK0S candidate had been found [22], an identified proton was searched for, such that theΛc candidate
would belong to the hemisphere defined by the lepton track. The momenta of theK0S and proton had to be large
than 3 GeV/c. The (pK0S ) mass distribution is shown in Fig. 2(c), with a fitted signal of 7.9± 4.0 candidates.
4.6. The fullΛ+c l− sample
The ratios of the number of events obtained in the three channels are compatible with the knownΛ+c branching
fractions [25]. The curve in Fig. 1, which shows the fullΛ+c l− sample, is obtained from the sum of the thr
Gaussian functions, with their widths as indicated in Section 4.3, and a unique central value. The Gaussian
are weighted by the number of observed events in each channel, and with a free overall normalisation. The
of Λ+c l− candidates is found to be 101.2± 17.4.
5. Other sources of Λ+c l− final states
There are several physical processes which lead to theΛ+c -lepton final states, in addition to the signal fro
Λ0b →Λ+c l−ν̄l , named elastic channel in the following. They arise from instrumental or physical backgroun



















T-(a) The semileptonic decayΛ0b →Λ+c τ−ν̄τ with the subsequent decayτ− → l−ν̄lντ ;
(b) Fake leptons: the fraction of fake leptons, estimated to be(4.3± 1.5)% in Section 4.2 will be subtracted fro
the sample ofΛ+c l− candidates in Sections 7 and 8;
(c) Decays ofB̄ mesons:B̄ →Λ+c N̄l−ν̄l (X), whereN̄ is an antibaryon andX stands for any number ofπ0 or
(π+π−) pair;
(d) Decays into other charmed baryonsΛ0b →Λ∗+c l−ν̄l , orΛ0b → (Σcπ)+l−ν̄l ;
(e) Non-resonantΛ+c l−ν̄lX final states. The multiplicityNc of charged particle tracks compatible with theΛ0b
vertex, defined as the combined (Λcl) vertex (ignoring theΛc lifetime), the missing mass in theΛ0b decay, and
theΛ+c l− mass will be used to investigate this component, including as well the decays from (d). The
(d) and (e) final states is named inelastic channels in the following;
(f) Other weakly decayingb-baryons, such asΞb . The production rate ofΞb from b quarks is, however, 1
times lower than theΛb production (as discussed in Section 7), and the fraction ofΛc final states fromΞb, if
assumed to be similar to that ofΞc decays intoΛ baryons, is also less than 10%. This background has
been neglected.
The final states (b) to (f ) are background processes, while theτ lepton final state (a), belongs to the signal.
contribution was estimated with the full simulation of the decayΛ0b →Λ+c τ−ν̄τ , assuming the same couplings
for the other leptons. The branching fraction is found to be six times smaller than forΛ+c l−ν̄l with light leptons.
The observedτ contribution is further suppressed by the lepton momentum selections. The estimated yield a
to 2 events in the fullΛ+c sample of 101 events and can be neglected.
The number of events from the decay ofB̄ mesons in theΛ+c sample was computed with the full simulatio
using the value quoted in [25]:Br(B̄→Λ+c N̄ l−νl) < 0.0032 at the 90% C.L., which relies on the data from [2
The contamination of such decays into the sample ofΛ+c l−ν̄l events is found to be less than 1.5 events (9
C.L.). The inclusive final states with an additional charged or neutral pion have a branching fraction smal
0.0064 [25], and their acceptance is found from the simulation to be smaller by a factor 0.62, so that t
contribute up to 1.9 events. The total contamination ofΛ+c N̄Xl−ν̄l events fromB̄ mesons into theΛ+c l− sample
is thus estimated to be less than 3.4 events (90% C.L.).
6. Charmed baryon contributions to b-baryon decays
To extract the form factor corresponding to theΛ0b →Λ+c l−ν̄l decays from theΛ+c l− sample, the contribution
arising from the elastic and inelastic channels must be evaluated. Whether resonant charmed hadrons a
in the corresponding mass spectra is investigated first: if there is a large and dominant resonant contrib
production should be described by the appropriate form factors. As shown in the following, no signal is ob
and the corresponding upper limits will be given. Other experimental distributions which are sensitive
fraction of inelastic channels in the sample are also considered. As it will be shown, they can only be und
under the assumption of a substantial contribution from inelasticΛ+c ππ final states.
6.1. The resonant states
In addition to the elasticΛ+c l−ν̄l channel, several charmed baryon final states can contribute to theΛ+c l−
sample, such as(Σcπ)+Xl−ν̄l , andΛ∗+c Xl−ν̄l , in which theΣc andΛ∗+c decay into aΛ+c .
The isospin of the hadronic final state should beI = 0 within HQET. In this section, the presence of the HQE
allowed hadronic final states which correspond to the following decay channels, all with aΛ+c ππ final state, are
investigated:
• Λ0b →Σ++c π−l−ν̄l , withΣ++c →Λ+c π+;







reFig. 3. Distribution ofQΣ =M(Λ+c π)−M(Λ+c )−mπ in data (solid line histogram). The simulatedΣc(2455) (dashed line histogram) an
Σc(2520) (dotted line histogram) signals each assumeNobs(Λ
0
b →Σ++c π−l− ν̄l )+Nobs(Λ0b →Σ0c π+l− ν̄l )= 0.1Nobs(Λ+c (X)l− ν̄l ).
• Λ0b →Σ0c π+l−ν̄l , withΣ0c →Λ+c π−;
• Λ0b →Σ+c π0l−ν̄l , withΣ+c →Λ+c π0;
• Λ0b →Λ∗+c l−ν̄l , withΛ∗+c →Λ+c π+π−, orΛ+c π0π0.
The search for resonant states described in this section is not sensitive to channels withπ0’s. T e first three deca
modes are expected to have the same branching fractions. TheΣc(2455) andΣc(2520) resonances would show






As the relative sign between theΛ+c and the charged pion has not been distinguished, theQΣ distribution should
contain the same number of events fromΛ0b →Σ++c π−l−ν̄l , andΛ0b →Σ0c π+l−ν̄l , and the same combinatori
background. For display purposes, the expected spectrum for the decayΛ0b → (Σc(2455)π)l−ν̄l is shown as a




b →Σ++c π−l−ν̄l )+Nobs(Λ0b →Σ0c π+l−ν̄l )
Nobs(Λ
0
b →Λ+c (X)l−ν̄l )
= 0.1,
where the denominator is the total number of events in theΛ+c l− sample. TheΣc(2520) signal, indicated as
dotted line histogram, is broadened due to its natural width of 20 MeV/c2.
From the numberNobs of events found in the signal regionQΣ (column 3 of Table 1), upper limits have be
derived on the number of observable decays from theΛ0b → (Σcπ)+l−ν̄l channels (Table 1). These limits a
obtained from the highest expected yield of signal events,N̄Σ , such that the probability:
(10)Prob(NΣ +Nbkg Nobs) > 5%.




QB window (B = Σ , Λ), number of observed eventsNobs, estimated number of background eventsNbkg, 95% C.L. upper limit on the
observable number of signal eventsNlimit , and the upper limit on the channel contribution to the observed sampleRchannel
Decay channel QB window Nobs Nbkg Nlimit Limit on
(GeV/c2) observed estimated upper Rchannel
Λ0
b












→Λc(2593)∗+l− ν̄l 0.024–0.036 1 0.5 4.30 0.064
Λ0
b
→Λc(2625)∗+l− ν̄l 0.054–0.066 1 1.5 3.20 0.048




→Λ∗+c l− ν̄l )= 0.1Nobs(Λ+c (X)l− ν̄l ).
The probability law for the number of events is assumed to be a Poisson law, with the mean given by the
the background contribution̄Nbkg, interpolated from the adjacent bins of theQΣ spectrum, and̄NΣ , the expected
yield. The uncertainty on the estimated mean background level has not been included.






is considered (see Fig. 4), and 95% C.L. upper limits have been obtained using the same procedure as in(Σπ)
final states. The kinematical window forQΛ is given by the column 2 of Table 1.







whereNchannelis the (maximal) number of events from this channel contributing to theΛ+c l− sample: a correction
factor of 3/2 has been applied to the upper limits for theΛ∗+c final states, as the pion pair is assumed to haveI = 0.
The same factor 3/2 has been applied to the observedΣ+c contribution in order to include theΛ+c π0 final state.








. TheFig. 5. (a) The charged multiplicity; (b) the missing mass squared and (c) the (Λcl) mass distributions in theΛ
+
c mass window. The hatche
areas show theΛ+c π+π− contributions (includingπ0π0). The cross hatched histogram is the combinatorial background.
6.2. TheΛ+c ππ contribution
No evidence for the production of excited charmed states inΛ0b semileptonic decay has been found, but the lim
obtained still allow for a substantial contribution from these final states. As, in addition, non-resonant c
channels might be present, an inclusive approach will be adopted to evaluate the combined contributio
resonant and non-resonant final states. This inelastic contribution is investigated by studying three distribu
• the multiplicityNc of charged particle tracks associated to the secondary vertex (Fig. 5(a));
• the missing mass squaredM2miss= (pΛb − pΛ+c − pl)2 (Fig. 5(b));• theΛ+c -lepton mass, which is expected to be smaller forΛ+c (ππ)l−ν̄l final states (Fig. 5(c)).
6.2.1. The multiplicity
The multiplicity of charged particles other than theΛ+c decay products and the lepton, compatible with
Λ0b vertex was evaluated by a neural network algorithm which separates tracks compatible with the
or the secondary vertex. The probability of the vertex assignment was required to be larger than 0.5b
and c vertices were not separated in this treatment. The result for the events situated in theΛ+c mass window
2.260 GeV/c2 < MΛc < 2.310 GeV/c
2 is shown in Fig. 5(a). The contribution of theΛ+c π0π0l−ν̄l channel is
assumed to be 1/2 of the charged pion modeΛ+c π+π−l−ν̄l , as the hadronic state is assumed to haveI = 0.















s of the6.2.2. The missing mass inΛ0b →Λ+c l−ν̄l
To reconstruct the missing mass squaredM2miss, with M
2
miss= (pΛb − pΛc − pl)2, the four-momentum of the
Λ0b was evaluated assuming the decay channelΛ
0
b →Λ+c l−ν̄l . The energy isEΛb = EΛc +El + Eν , and theΛ0b
momentum has been computed as
√
E2Λb −m2Λb withmΛb = 5.624 GeV/c2. The neutrino energy and the directi
of theΛ0b have to be determined. The energy of the undetected neutrino in the exclusiveΛ
0
b →Λ+c l−ν̄l channel was
estimated as in previous studies of semileptonic decay ofB mesons [1]. The total energy in theΛ+c l− hemisphere
which is the sum of the visible energy (Esame) in the same hemisphere, and of the neutrino energy (Emiss), was
computed using the observed total masses of theΛ+c hemisphere (Msame) and of the opposite hemisphere (Moppo),












AsEsame,Msame, andMoppo, are approximately known due to the detector inefficiencies, an empirical corre
fsim(Esame) (as in [1]) has been estimated from a simulation of the exclusive semileptonic channel, to impr
accuracy on the neutrino energy reconstruction:
(14)Eν̄l =Emiss+ fsim(Esame).
Whenever this procedure leads to a negative energy, the valueEν̄l = 0 is used. The final resolution on the neutri
energy is around 33%. Adding this energy to the energy of theΛ+c and of the lepton gives the energy of theΛ0b
with a resolution of 8% (Gaussian fit).




the best accuracy when the line of flight is short, while the positions of the primary and secondary vertice
best at large separations. In the data from 1992 and 1993, where the microvertex detector did not proviz
information, theΛ+c l− momentum was always used to measure the polar angleθ . The weighted combination o
the two which gave the best resolution on the Isgur–Wise variablew was chosen.
It is seen in Fig. 5(b) that the reconstructed missing mass squaredM2miss is sensitive to the presence of t
inelastic channel.
6.2.3. TheΛ+c l mass
TheΛ+c l− mass distribution is expected to be shifted to lower values in the inelasticΛ+c ππl−ν̄l final states.
This effect is apparent in Fig. 5(c) and it constrains the proportion of inelastic events.
6.2.4. Fit of the elastic fractionfΛc
To measure the fractionfΛc of elasticΛ
+
c l
−ν̄l decays, the three previous distributions are considered to b
sum of three components:
• theΛ0b →Λ+c l−ν̄l decays;
• theΛ0b →Λ+c ππl−ν̄l decays. As this channel is a sum of many states, it is simulated without a form f
using the quark matrix elements for weak decays in PYTHIA [28];
• events from the combinatorial background present under theΛ+c signal. The shape of this component
evaluated using events situated in the side bands of theΛc mass peak. Its normalisation is fixed accord
to the fit of Fig. 1.
The overall normalisation is fixed to the total number of observed events. The elastic fractionfΛc in the final state
is obtained from three fits to the three distributions in Fig. 5. Each of them is first adjusted independen
statistical correlations of the three results are obtained from the simulated two-dimensional distribution















ountsthree pairs of variables. They are, respectively, 0.25 for (multiplicity,Λ+c l− mass), 0.35 for (multiplicity, missing
mass), and 0.65 for (missing mass,Λ+c l− mass). The combined fit to the three values gives:
(15)fΛc =
N(Λ+c l−ν̄l )
N(Λ+c l−ν̄l )+N(Λ+c ππl−ν̄l )
= 0.60± 0.08(stat)± 0.06(syst).
The ratiofΛc is not a branching fraction, but the ratio of the observed contributions in the data sample
systematic uncertainties arising from the identification efficiency, the time of flight and the modelling ofb-
quark fragmentation are negligible. The uncertainty onρ̂2, as measured in this Letter, changesfΛc by ±0.02,
and the uncertainty from the simulation of the inelastic channels is estimated to be±0.03 by substituting aΣcπ
decay for theΛ+c ππ non-resonant prediction. The systematic uncertainty from the combinatorial backg
is estimated by comparing side bands of different sizes and contributes±0.05. The limits on the observe
resonance contributions given in Section 6.1 can be turned into limits on branching fractions. The frac
observable decays can be derived from the assumption of anI = 0 final state and is found, as already mention
to be 2/3. The kinematical acceptances for(Σcπ,Λ∗c )l−ν̄l andΛ+c l−ν̄l in the charged decay channels diff
with ε(Λ+c (π+π−)l−ν̄l )/ε(Λ+c l−ν̄l )= 0.57, according to the simulation. The branching fraction to the exclu
Λ+c l−ν̄l final state can then be estimated to be:
(16)
Γ (Λ0b →Λ+c l−ν̄l )
Γ (Λ0b →Λ+c l−ν̄l )+ Γ (Λ0b →Λ+c ππl−ν̄l )
= 0.47+0.10−0.08(stat)+0.07−0.06(syst).
Although half of theΛ+c l− events in theΛ0b decay arise from aΛ+c ππl−ν̄l final state, no signal from resona
production ofΣc orΛ∗c has been observed in the present sample.
7. Leptonic branching fraction from the event rate
The previous determination of the fraction of elastic semileptonic decays ofΛ0b →Λ+c l−ν̄l in theΛ+c l− sample
allows a measurement of the semileptonic branching fraction,BΛc in this transition. As the total width of theΛ
0
b
is given by its lifetime, this branching fraction can then provide a direct measurement of the slope paramρ̂2
of the form factor. The branching fractionBΛc has been measured from the number ofΛ
0
b →Λ+c l−ν̄l candidates
using only the decay channelΛ+c → pK−π+, which has less background:
(17)N(Λ+c l−ν̄l )=NhZ2Rbf (b→Λ0b)BΛcBr(Λ+c → pK−π+)ε(pKπl)Nl .
As the event rate is much more sensitive than thew shape to the knowledge of the identification efficiencies,
analysis has been restricted to the periods of data taking where both gas and liquid RICH were present. Th
of hadronicZ decays isNhZ = 1.52× 106, and the fraction ofb-flavoured final states isRb = 0.217 [25]. Detailed
comparisons have shown that the identification efficiencies in data and simulation are then in excellent ag
The simulated reconstruction and identification efficiency is found to be, including the lepton,ε(pKπl)= (8.0±
0.8)%. The branching fractionBr(Λ+c → pK−π+)= (5.0±1.3)%, andf (b→Λ0b)= 0.108±0.020 (subtracting
1% forΞb from the quoted value in [25]) are used. The number of lepton families isNl = 2, as theτ contribution
is negligible. The total number of observedΛ+c l−ν̄l andΛ+c Xl−ν̄l events (without the enrichment selections
the elastic channel of Section 8) is 47± 10. The fake lepton contamination, as determined in Section 4.2 am
to 2.0± 0.7 events and should be subtracted. The “observed” numberN(Λ+c l−ν̄l ) of exclusiveΛ+c l−ν̄l decays can
be estimated from the latter fraction to beNobs= fΛc (47–2.0)= 27± 6. This impliesBΛc = (4.7± 1.1(stat))%.

















Main sources of systematic uncertainties on the expected rate
Reference value ± uncertainty range δBΛc/BΛc
Br(Λ+c → pK−π+)= 0.050 0.013 0.26
f (b→Λ0b)= 0.108 0.020 0.18
fΛc = 0.60 0.10 0.16
ε(pKπl)= 0.080 0.008 0.11
τΛb = 1.23 ps 0.08 ps 0.065
B meson decays< 3.4% 0.034 0.034
Take leptons= 4.3% 1.5% 0.016
Total (δBΛc/BΛc ) 0.37
Most of the systematic error arises from the uncertainty onBr(Λ+c → pK−π+). The other systematic erro
include the uncertainty on the reconstruction efficiencyε, including identification, the contribution of theB-meson
decays which was varied up to the maximal value of 3.4% found in Section 5. The impact of the lifetime unc
on the acceptance is negligible, but its effect on the parameterρ̂2 via the normalisation of the branching fraction




4.7± 1.1(stat)± 1.3(Br(Λc → pK−π+)
) ± 1.3(other syst))%.
The semileptonic decay width can be computed fromρ̂2, using Eq. (2), under the assumption thatξB(1)= 1.
The total width is given by theΛ0b lifetime τΛb = 1.23± 0.08 ps [25], and the semileptonic branching fractionBΛc
provides (within HQET) an estimate of the slopeρ̂2:
(20)ρ̂2rate= 2.05+0.70−0.50(stat error only).
This measurement of̂ρ2 will be combined in the next section with a fit to the distribution of the Isgur–W
variablew to obtain an improved determination of the slope parameter and of the branching fraction. The
of systematic errors will be evaluated for this combined fit.
8. Combined fit to the w shape and the event rate
8.1. The enrichedΛ+c -lepton sample
As has been shown in Fig. 1, the number ofΛ+c -lepton pairs is 101± 17, and this sample contains the elas
Λ+c l−ν̄l and inelasticΛ+c (ππ)l−ν̄l final states. The charged multiplicityNc , as well as the (Λ+c lepton) mass
can be used to enrich the sample with respect to the elastic channel, by selecting multiplicities smaller
andΛ+c l− masses larger than 3.5 GeV/c2. The number ofΛ+c candidates left is obtained from a fit to the ma
distribution of the candidates, shown in Fig. 6, and is 62.5± 10.0. The remainingΛcππ contribution is obtained
from the simulated efficiency, after application of the enrichment selection, and is found to be 10.0± 2.8 events.
The fraction of elasticΛ+c l−ν̄l events in this sample isrΛc = 0.84±0.17. TheΛc mass distribution of the enriche
sample, together with the different components is shown in Fig. 6. The slope parameter of thew distribution is
determined from this enriched sample. The candidates obtained from the three decay modes of theΛ+c considered
in Section 4 have been separately analysed. In each of these samples, the non-Λ+c background is measured from
fit to theΛ+c mass distribution.
The complementary sample, enriched inΛ+c ππ , will be used to monitor thew-shape of theΛ+c ππ background.









Fig. 6. TheΛc mass distribution in the (enriched/elastic) sample ofΛ
+
c l
− events used in the likelihood shape analysis (all channels).
estimated background (dotted histogram) is obtained from simulated hadronicZ de ays and normalised to the actual data
8.2. Thew-shape likelihood
The four-momentum of theΛ0b meson is reconstructed as described in Section 6.2.2. The values ofq
2 andw
can then be estimated. The resolutions achieved are similar to those obtained in [4], and;w/w is close to±8%.
A likelihood fit to the two-dimensional(M(Λc),w) distribution is then performed, with 2.190< M(Λc) <
2.385 GeV/c2 and 1.0< w < 1.6. The mass andw dependences are assumed to factorise in the proba
distribution for each eventk in channeli, where the indexi = 1,2,3 runs over the three input channels (th
final states, the two lepton samples are combined):
(21)Pi(Mk,wk)= f Si Si(wk, ρ̂2)G(Mk)+ fΛcππi BΛci (wk)G(Mk)+ f Bi BnoΛci (wk).
The Gaussian termG(Mk) describes theΛ+c contribution,B
Λc
i (w) is the inelastic background, while th
combinatorial backgroundBnoΛci (w) is mass-independent in theΛc mass window investigated, as justified
a direct inspection of its shape in the simulation in Fig. 6. The coefficientsf si (for the elasticΛc signal),f
Λcππ
i ,
andf Bi are fixed, and are obtained from thepKπ mass spectrum and the elastic fraction of 0.84.
In each channeli, the contribution of the signalSi(w) is obtained from the simulated events weighted at a g
ρ̂2 by the squared form factor: exp(−2ρ̂2(wg − 1)) wherewg is the generated value ofw. The functionSi(w, ρ̂2)
is a convolution of the physicalw distribution with the detection efficiency and the resolution of the reconstru
of this variable. It has been expressed as a factorised expression, as it was easier to parametrise directlySi rather






w, ρ̂2 = 0)exp(ρ̂2 · α(w)).
The functionSi(w, ρ̂2 = 0) is parametrised asSi(w, ρ̂2 = 0) = a(w − 1)m exp(p(w − 1) + q(w − 1)2), with
a = 0.458,m= 0.154,p = 17.2,q = 40.3. A very good description of the simulatedw distributions was obtaine
when the exponentα(w) was assumed to be a linear function ofw:
(23)α(w)= α0 + α1(w− 1).











elfFig. 7. Comparison between fitted and measuredw istributions inside theΛc mass window: (a) fit to thew distribution; (b) combined fit to
thew distribution and theΛ+c l− ν̄l rate (restricted to the working RICH sample). The statistics in (b) are smaller than in (a).
The coefficientα0 is a normalisation coefficient, whileα1 describes thew dependence of the signal. In the abse
of smearing and detector effects,α1 would be−2, given the exponential parametrisation in Eq. (7), and the a
valueα1 = −1.67± 0.08 is close to this estimate.
The BΛci (w) and B
noΛc
i (w) functions are found from the data. The shape ofB
Λc
i (w) is obtained from
the w distribution of the subsample ofΛ+c events enriched inΛ+c ππ , with a charged multiplicity at theΛ0b
vertex Nc  2 or with a (Λ+c l−) mass< 3.5 GeV/c2. A correction factor derived from the simulation
applied to thew distribution of this sample, to relate the background shapes in the enriched (elastic) an
enriched (Λcππ ) samples. This background, corrected for the enrichment bias is then described by a f
BΛc(w) = (w − 1)a1 exp(−b1(w − 1)), with a1 = 2.22± 0.50, andb1 = 27.5 ± 5.8. The non-Λ+c background,
B
noΛc
i (w), is evaluated from side-bands in the mass spectrum, chosen outside the mass window 2.260<M(Λc) <
2.310 GeV/c2. Its shape is described by the same parametrisation as the previous one, with new values ofandb.
In the dominantpK−π+ channel, for instance:a = 4.28± 0.34, andb= 22.3± 1.9.
The distributions of the signal in the different channelsSi(w, ρ̂2), and the shapes of the backgroundsBj(w) are
normalised to unity, and the coefficientsf Si , f
B
j have been measured from the data and are fixed. The likeliho
the sum:
Lshape= −∑k Log(P (Mk,wk)), and the slope obtained from the one parameter fit to thew distribution is:
(24)ρ̂2 = 1.59± 1.10(stat).
The quality of this fit can be checked in Fig. 7(a), where the predicted distribution has been normalise
observed number of events in real data. Theχ2/NDF between the distribution predicted from the likelihood fit a
the observed distributions is 5.2/11.
8.3. The combined event rate andw shape likelihood
The information on the shape and on the absolute rate can be combined into an optimised determinatiρ̂2,
assumingξB(1)= 1, and a new likelihood fit is performed where the observed number of events is include
constraint. The expected number of eventsNex is derived from the semileptonic branching fraction, which is its
a function ofρ̂2 as described in Section 7:
(25)L= Lshape−NobsLog(Nex)+Nex.















Main sources of systematic uncertainties on the slopeρ̂2
Source of error ± Uncertainty range Contribution toδρ̂2
δεid/εid 0.15 0.08
δw/w= 0.08 0.008 0.05
α1 = −1.67 0.08 0.02
Fragmentation (〈xΛb 〉) 0.008 0.05
a,a1 andb,b1 (shape) stat. errors 0.01
Enriched fractionrΛc = 0.84 0.17 0.10
Anti-enriched background shape stat errors 0.02




The full statistics are used for the shape likelihood, while as in Section 7, the rateNex is measured only whe
the gas and liquid RICH are simultaneously operational, and for theΛ+c → pK−π+ channel alone.4 The actual
likelihood function includes the contributions from the different backgrounds, and the value ofρ̂2 obtained from
this one parameter fit, shown in Fig. 7(b), is:
(26)ρ̂2 = 2.03± 0.46(stat).
The statistics in Fig. 7(b) are smaller than in Fig. 7(a) as only data with an operational RICH are used.







The expected number of events is 27+7−4, while the observed number of elasticΛc events quoted in Section 7, an
included in the likelihood fit, is 27± 6.
There are three groups of systematic errors: the errors associated to the prediction of thew shape (the
identification efficiency, the parametrisation of the shape as a function ofρ̂2, the fragmentation), the uncertainti
related to the expected yield (absolute efficiencies and branching fractions) and the systematic effects aris
the subtraction of theΛc background processes discussed in Section 8.2 (parametersa, a1 andb, b1).
The momentum-dependentuncertainties are dominated by the contribution to the global identification ef
of the proton and kaon identification efficienciesεid. The observed momentum distributions and therefore
w spectrum are sensitive to the detailed simulation of the identification algorithms. The difference betw
efficiencies of proton identification in data and in simulation was monitored using a sample of selectedΛ ev nts.
For each year, the identification efficiency as a function of momentum was measured for data and sim
The difference typically reaches 15%. Simulated events were reweighted by the ratio of the data and sim
efficiency, and the systematic error onρ̂2 measured from the shift in̂ρ2 between the original and reweightedw
distributions.
The resolution onw is found to change by approximately 10% between different versions of the e
reconstruction algorithms. The impact of this uncertainty was evaluated by degrading the resolution by
the simulation. Given the small contribution of theΛ0b semileptonic decays with aτ lepton, no systematic erro
was assigned for this component of the signal.
The uncertainty on the number ofΣc andΛ∗c final states is included in the uncertainty on the fractionrΛc , equal
to the statistical uncertainty on its value. The systematic uncertainty on the shape of the non-Λc background is
evaluated by changing the shape of this background according to the statistical error on its parametrisat
background is evaluated from the side-bands of theΛc mass spectrum.
4 The statistics of observed and expected events were scaled to reproduce the actual statistical uncertainty on the number of eve











anThe main systematic uncertainties onρ̂2 are summarised in Table 3, where the dominant contribution o
normalisation error (as estimated in Table 2) is singled out. The value ofρ̂2 is found to be:





The asymmetry in the errors on̂ρ2 arises from the strong non-linearity of the relation between the normalis
and the slope over the large range ofδBΛc . The contribution of the branching fraction intopKπ to the uncertainty
on the normalisation is given in Table 2, and the associated systematic error onρ̂2 has been evaluated separately







To obtainρ̂2, the prediction of HQETξ(1)= 1 has been assumed, and no theoretical uncertainty has been in
in the systematic error to account for this hypothesis. A 10% change ofξ(1) would amount to a 20% change in th
rate, and to 0.3 in̂ρ2.
9. Conclusions
A first measurement of the form factor of theΛ0b beauty baryon has been achieved in theΛ
0
b →Λ+c l−ν̄l decay
channel. Assuming an exponential behaviour of the Isgur–Wise function:
ξB(w)= ξB(1)e−ρ̂2(w−1),
the slope parameter̂ρ2 was determined from aw-shape analysis to be:ρ̂2 = 1.59± 1.10(stat). If the validity of the
HQET relationξ(1)= 1 is assumed, and the event rate taken into account, an improved determination of th
can be obtained:





The evaluation of the systematic errors takes into account the actual variation ofρ̂2 arising from each source.
The semileptonic branching fraction into the exclusive semileptonic mode was measured within the hyp







The fraction of elasticΛ+c l−ν̄l events is found to be:
Γ (Λ0b →Λ+c l−ν̄l )
Γ (Λ0b →Λ+c l−ν̄l )+ Γ (Λ0b →Λ+c ππl−ν̄l )
= 0.47+0.10−0.08(stat)+0.07−0.06(syst).
The spectra of multiplicity, missing mass, andΛ+c l− mass shown in this Letter strongly hint at such a sizea
fraction of non-elastic hadronic modes. This inelastic contribution is larger than assumed in the exper
determinations of theΛb lifetime, such as [29], and will affect its value, as the ratio of theΛc andΛb momenta
pΛc/pΛb is 20% lower in the inelastic channel.
In spite of the evidence for a large inelastic contribution in semileptonic decays, no indication of charmed
resonances has been found in the final state.
The parameter̂ρ2 reflects the structure of theΛ0b baryon. Its value is somewhat larger than in theb-meson
channel, wherêρ2 ∼ (0.60–1.3) as measured in [2–4]. A recent result on theB meson decays from [5] suggests
even higher value of the slope of the Isgur–Wise function for mesons, withρ̂2 = 1.61± 0.09(stat)± 0.21(syst). In
all models proposed so far [16,18,30,31], the value ofρ̂2 is expected to be larger for baryons.
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